The heart rate responses to stimulation of the right and left cardiac autonomic nerves were evaluated in 20 puppies and 17 adult dogs. In every puppy and adult dog, the changes in heart rate were much greater with right-than with left-sided stimulation of the vagal or sympathetic nerves. At maximal stimulation frequencies, the % changes in heart rate (mean k S.E.M.) were: right stellate, adults +50.0 ( 2 5.1) and puppies +23.6 (k2.8); left stellate, adults +20.0 (k2.4) and puppies +5.6 (k2.3); right vagus, adults -74.0 (25.2) and puppies -43.6 (f3.3); and left vagus, adults -44.1 (k2.0) and puppies -24.9 (k2.3). At any given stimulation frequency, the heart rate responses were significantly greater in adult dogs than in puppies, with either stellate or vagal stimulation. In 47% of the puppies and in 11% of the adult dogs, left stellate stimulation had no detectable effect on heart rate, although there was evidence of an increase in blood pressure in each of these animals. In these animals, fibers from the left stellate ganglion did not innervate the sinoatrial node.
Summary
The heart rate responses to stimulation of the right and left cardiac autonomic nerves were evaluated in 20 puppies and 17 adult dogs. In every puppy and adult dog, the changes in heart rate were much greater with right-than with left-sided stimulation of the vagal or sympathetic nerves. At maximal stimulation frequencies, the % changes in heart rate (mean k S.E.M.) were: right stellate, adults +50.0 ( 2 5.1) and puppies +23.6 (k2.8); left stellate, adults +20.0 (k2.4) and puppies +5.6 (k2.3); right vagus, adults -74.0 (25.2) and puppies -43.6 (f3.3); and left vagus, adults -44.1 (k2.0) and puppies -24.9 (k2.3). At any given stimulation frequency, the heart rate responses were significantly greater in adult dogs than in puppies, with either stellate or vagal stimulation. In 47% of the puppies and in 11% of the adult dogs, left stellate stimulation had no detectable effect on heart rate, although there was evidence of an increase in blood pressure in each of these animals. In these animals, fibers from the left stellate ganglion did not innervate the sinoatrial node.
Cardiac function in newborns and young animals is different from adults (2, 7, 20, 47, 48) . Biochemical and histologic studies suggest that the sympathetic innervation of the heart is anatomically incomplete in newborns (18, 27, 33, 42) , whereas the parasympathetic innervation appears to be anatomically complete (8, 12, 15, 17, 44) . The functional status of these autonomic nervous pathways in young animals has not been fully established, however. In the present investigation, we have evaluated functionally " the chronotropic responses to autonomic stimulation in puppies. Also. we have com~ared the chronotro~ic resDonses to rieht-and " left-sided autonomic stimulation in puppies and adult dogs.
MATERIALS AND METHODS
Twenty puppies from six litters and 17 adult dogs were anesthetized with sodium pentobarbital (30 mg/kg, intravenously or intraperitoneally). A tracheal cannula was inserted in each animal, and intermittent positive pressure respiration was instituted. The chest was opened transversely at the fourth intercostal space. Both stellate ganglia in the chest and both cervical vagi were isolated. Crushing the vagi and the rami communicantes to the stellate ganglia by means of tight ligatures eliminated the tonic neural activity to the heart (1, 26).
The atrial electrogram was recorded from a bipolar electrode catheter, which was introduced into the right atrial cavity. The atrial electrogram, arterial blood pressure (Statham PB23A transducer), and the heart rate were recorded on an eight-channel oscillograph (Brush, Mark 200). The heart rate was derived from the atrial electrogram with an analog computer (EAI-580).
Bipolar iridium electrodes were connected to a Grass S4 stimulator (with an isolation unit), in order to stimulate both stellate ganglia and the cardiac segments of both vagi. To prevent drying and to decrease current spread, mineral oil was applied to the cardiac nerves in the region of the stimulating electrodes. Stimuli to the stellate ganglia or vagus nerves were delivered at a supramaximal voltage (10-15 V), with a pulse width of 2 ms, and at various constant frequencies. Responses were expressed as % change from the heart rate that prevailed in the absence of nerve stimulation. The mean value at each stimulation frequency was obtained from the adult dogs and for the puppies. From this, second degree polynomial regression equations were derived for the heart rate responses as a function of the frequency of nerve stimulation (2 I, 38,39) . The statistical significance of the data was determined by the analysis of variance (19, 21, 38, 39) . This experimental design allows us to determine the simultaneous effects of various stimulation frequencies (both stellate and vagal), the side of stimulation (right versus left vagi or stellate nerves), and the age (adult dogs versus puppies; and to assess the extent of any interactions between these factors (19, 21, 38, 39) . Puppies were divided into two groups based on age. Group I (10 puppies) were in the first month of life. Group I1 (10 puppies) were in the second month of life. The chronotropic responses to neural stimulation for puppies in the first month of life were compared with those for puppies in the second month of life. ~h e i e were no statistically significant differences, so the data from puppies in both age groups were combined.
RESULTS
After interruption of the autonomic nerves to the heart, the mean heart rate of the adult dogs in the absence of neural stimulation was 130 + 6 (S.E.M.) beats/min, and that of puppies was 139 + 7 beats/min; the difference was not statistically significant. The % changes in heart rate as a function of the stimulation frequency are plotted in Figures 1 and 2 .
Parasympathetic stimulation. In the adult dogs and in the puppies, the heart rate decreased as the frequency of vagal stimulation was increased. In the adult dogs, the plateau of chronotropic response was not reached until the frequency was raised to about 20-30 Hz, whereas in the puppies, the plateau was reached at a much lower frequency, about 8-15 Hz. The negative chronotropic effects of right vagal stimulation were about twice as great (P < 0.001) as for left-sided stimulation in the adult dogs ( Fig. 1 ; Tables  1 and 3 ). Likewise, in the puppies, the chronotropic effects of right vagal stimulation were about twice ( P < 0.001) those for left-sided stimulation.
At any given stimulation frequency, the chronotropic effect in the puppies was less than in the adults. The maximum chronotropic responses in the puppies were about two-thirds (P < 0.001) of those in the adult animals ( Fig. 1 ; Tables 1 and 3) .
Sympathetic Stimulation. The heart rate increased as the frequency of stellate stimulation was raised, in both adult dogs and puppies. The chronotropic response in adult dogs and in puppies reached a plateau at about 5-10 Hz. In puppies and adult dogs, the heart rate increments with right stellate stimulation were more than double (P < 0.001) those obtained with left stellate stimulation ( Fig. 2; Tables 2 and 3) .
In 47% of the puppies and in 11% of the adult dogs, there was no detectable heart rate response to left stellate stimulation, even at very high stimulation frequencies. But there was a significant rise in arterial blood pressure during each stimulation. Blood pressure increased from a mean value of 113/58 to a mean level of 150/68 in those dogs that showed no detectable chronotropic response to left stellate stimulation. Hence, the nerves were viable and the stimuli were effective, even though the stimuli did not alter the cardiac rate.
Adult dogs showed an increase in heart rate with right stellate stimulation that was about double ( P < 0.001) the response in puppies ( Fig. 2 ; Tables 2 and 3 ages were significantly different ( P < 0.001). Each group consisted of ten puppies. After interruption of the autonomic nerves to the heart, the mean heart rates were: Group I, 150 + 12 (S.E.M.) and Group 11, 128 + 7 (S.E.M.) beats/min; the difference was not statistically significant. Mean heart rate for Group I puppies (150 + 12) was higher than that for the adult dogs (130 + 6) but this was not statistically significant. Mean heart rate for Group I1 puppies (128 f 7) was similar to that for the adult dogs (130 -t 6). Heart rate responses for the older Group I1 puppies were almost always greater than for the younger Group I puppies; however, these differences were not statistically significant (Tables 1 and 2) .
Parasympathetic stimulation. With left vagal stimulation at all frequencies, heart rate responses were greater in the older Group I1 puppies than in the younger Group I puppies (Table 1) .
With right vagal stimulation at lower frequencies, again, the (-) indicates the decrease in heart rate occurring with vagal stimulation.
NS, not significant. P < 0.05. P < 0.001.
younger Group I puppies had a lesser change in heart rate than the older Group I1 puppies. At higher stimulation frequencies the heart rate leveled off and responses were similar for both groups (Table 1) . Sympathetic stimulation. With right stellate stimulation at all frequencies, the older Group I1 puppies had a greater increase in heart rate than the younger Group I puppies (Table 2) .
With left stellate stimulation, at maximal frequencies the heart rate increases for Group I puppies were less than one half those for Group I1 puppies (Table 2) .
DISCUSSION
The chronotropic responses to any given level of neural stimulation were less in puppies than in adult animals. This suggests that the sympathetic and parasympathetic nervous systems are intact and functional in puppies, although they are not fully developed. Significant growth and maturation of both divisions of the autonomic nervous system must occur after birth, and this process must continue past the second month of life.
This functional evaluation of the autonomic nervous control of heart rate in normal, intact puppies is complementary to earlier studies (9, 11) . Anatomic studies have disclosed that the density of sympathetic nerve fibers in the heart of the newborn is less than that in adult animals (10, 24, 28) . A supersensitivity to exogenous and neural released norepinephrine in newborns has been reported (3, 14, 28) . Histochemical studies have shown a decreased uptake and storage of norepinephrine in cardiac tissue obtained from newborn animals (6, 16, 3 1) . There is also a relative deficiency of certain intraneuronal enzymes in cardiac tissues obtained from newborn animals (10) . Inotropic responses to nerve stimulation in isolated strips of rat ventricular papillary muscles were very low in newborn tissue and increased to near adult values by 3 wk of age (28) . This increase in responsiveness was correlated with a progressive increase in sympathetic innervation as detected by fluorescence histochemistry (28) . Studies in puppies indicate that functional sympathetic cardiac innervation is incomplete at birth and develops throughout the first 6 wk of life (22) .
Previous studies of the parasympathetic nervous system have noted differences between adults and newborns or young animals (4, 5, 13, 30, 46) . The chronotropic responses to efferent vagal stimulation were less in newborn animals than in adults in most animal species. In newborn kittens, responses to vagal stimulation were undetectable until they were 11 days of age (5,23). Vagotomy caused less increase in heart rate in newborn puppies than in adult dogs (14, 40) . Newborn rabbits, however, did exhibit a greater bradycardia than did adults to vagal stimulation (41) . The density of cholinergic fibers in the sinoatrial node, atrium, A-V node, and ventricle is the same in newborn and adult dogs (10) . The parasympathetic response and the acetylcholinesterase content of atrial tissue of newborn rats were less than those of adult rats (23, 31, 32, 45) . Urthaler et al. (43) have proposed that the target cell response to acetylcholine increases during maturation. This may occur through an increase in the density of muscarinic recedors. Our studfconfirms the results of pre;ious investigations, hhich showed that right-sided autonomic nervous stimulation ~roduced a greater chrolotropic response than did left-sided stimklation in adult animals (29, 49) . We observed a similar difference in newborns. We also found that in some animals (i.e., in 11% of the adult dogs and in almost half of the puppies), there was no increase in heart rate with left stellate stimulation, even with very intense, high frequency stimulation. There was a significant rise in the mean arterial blood pressure and in the arterial pulse pressure, however. This indicates that the left-sided sympathetic nerves were intact and functional, but that efferent fibers from the left side were not distributed to the sinoatrial node. Randall et al. (34) (35) (36) (37) also observed that left sympathetic stimulation sometimes evoked an increased arterial pulse pressure without concomitant changes in heart rate. He ascribed this increase in pulse pressure to an enhancement of ventricular contractility. He concluded that the "left sympathetic directly and richly innervates the sinoatrial node in only a small percentage of animals," although it did evoke a pronounced increase in ventricular contractility. These results are also similar to an earlier study from our group (25) and by others (46) .
When the chronotropic responses of puppies in the first and second months after birth were compared, there were no significant differences. When the chronotropic responses of all the ' M e a n % change in heart rate + S.E.M. is listed. Puppies a r e subdivided into G r o u p I, first month o f life a n d G r o u p 11, second m o n t h o f life. Puppies a r e compared with the corresponding adult values. I n addition, adult left stellate heart rate responses a r e compared with adult right stellate heart rate responses.
? P < 0 . 0 0 1 . P < 0.05.
NS, not significant. Table 3 . Analysis of variance of the changes in heart rate in adult dogs and puppies to vagal and stellate stimulation.'
Degrees o f free- ' T h e groups (G) a r e t h e adult dogs a n d puppies. T h e sides (S) a r e t h e right a n d left sides. Stimulation frequency (F) is 0-30 Hz with vagal stimulation a n d 0-20 Hz with stellate stimulation.
P values: significant at P < 0.001 = **.
puppies and adult dogs were compared, the differences were highly significant. This suggests that important functional differences exist between newborn and adult animals and that the maturation process is gradual. A small difference probably does exist between the responses of puppies in the first and second months of life but i t was probably t o o small to be detected in our study. Our f i n d i n g s also indicate that maturation is completed at some time well after the second month of life for both divisions of the autonomic nervous system.
